Abstract. Hypoxia-inducible factor-1 (HIF-1) is a key regulator of tumor cell hypoxia. It regulates the expression of several genes related to oxygen homeostasis in response to hypoxic stress. Carbonic anhydrase IX (Ca-IX) has been found to be a stable marker of acute or chronic hypoxia. N-Myc down-regulated gene 1 (NDRG1) has been shown to possess more specific characteristics for clinical analysis and identification purposes. HIF-1 activates gene expression of the two genes and promotes tumor cell survival under hypoxic conditions. Herein, we modified a flow cytometry protocol to separate NDRG1-and CA-IX-negative and -positive cells in vitro to sort chronically hypoxic cells from glioblastoma tumors. The FITC-anti-CA-IX fluorescence differed between positive and negative cells by a factor of 60-160 in U373, U87-MG, U251 and GaMG, respectively. A clear effect of the O 2 concentration on CA-IX expression was visible in GaMG and U251 cell lines whereas U373 showed a less differentiated pattern. NDRG1 expression was present in U373, U251 and GaMG with the lowest expression rate in GaMG. It was stable over 48 h of reoxygenation after 24 h of extreme hypoxia (0.1% O 2 ). During reoxygenation NDRG1 was relatively stable in the four tumor cell lines with the lowest expression in GaMG. An oxygen-and time-dependent elevation of nuclear HIF-1α binding on HRE was displayed. FACS analysis of CA-IX and NDRG1 expression may be a new approach to determining the hypoxic state of tumor cells. However, an extensive analysis of other hypoxia-regulated genes in different tumors is required to identify additional markers for the detection of the oxygenation state in human tumors in order to tailor effective tumor-specific therapeutic strategies.
Introduction
Glioblastoma multiforme (GBM) are highly invasive brain tumors (1) . The transcription factor hypoxia-inducible factor-1 (HIF-1) is a key regulator of tumor cell adaptation and survival under hypoxic conditions (2) . It regulates the expression of several genes related to oxygen homeostasis in response to hypoxic stress (3) . Human glioblastoma multiforme cells vary in their ability to survive under hypoxic conditions. Tumor hypoxia is a complex entity which is a function of oxygen supply and demand. A shift toward anaerobic metabolism would decrease oxygen consumption rates, which may lead to improvement in tumor oxygenation (4) . Under oxygen-limiting conditions, hypoxia-tolerant cells decrease their oxygen consumption rate whereas hypoxia-sensitive cells continue to consume oxygen at a relatively steady rate until the oxygen supply becomes exhausted (5) . HIF-1 activates gene expression and promotes tumor cell survival under hypoxic conditions (reduced oxygen tension) (6) . In solid tumors, the degree of tumor hypoxia correlates with advanced disease stages and poor prognosis (7) . Clinical studies indicate that overexpression of HIF-1α is a negative indicator for tumor treatment outcome (8, 9) . Therefore, it is important to establish genetic markers to detect conditions of tumor tissue oxygenation.
The CA-IX protein is a transmembrane N-glycosylated isoenzyme localized at the cell surface in the form of trimers composed of monomeric subunits of 58/54 kDa. It is a stable marker of current or previous chronic hypoxia, influenced by non-hypoxic stimuli (10) . Carbonic anhydrase IX (CA-IX) is regarded as a surrogate marker of tumor hypoxia in human malignant glioma (11-13). NDRG1 has been shown to possess more specific characteristics for clinical analysis and identification purposes. NDRG1 is a member of the N-myc downregulated gene (NDRG) family. NDRG1 (also known as Drg1, RTP, Rit42, PROXY-1 and Cap43) was identified as a gene up-regulated during cellular differentiation (14) (15) (16) (17) (18) . It is induced by hypoxia (19, 20) . Due to its specific hypoxia-related expression in human GBM, NDRG1 represents a potential diagnostic marker for severe brain tumor types. Together with other transcription factors such as Egr-1 (23, 24) , HIF-1 is also involved in the transcriptional regulation of the NDRG1 gene (21, 22) .
It is well known that tumor hypoxia is associated with adverse outcome in many malignancies. Tumor oxygenation is directly measured using microelectrodes or RuO 2 microprobes. However, these techniques possess an invasive nature, restricting their use to accessible tumors (25) . Additional diagnostic tumor markers whose expression is induced by the hypoxic microenvironment of the tumor are necessary for definite advanced characterisation of a tumor according to its oxygenation status. This analysis should be performed prior to designing and executing a suitable anti-tumor therapy approach. Different rapid methods such as FACS, Western blotting and/or ELISA function for this purpose and may be applied prior to treatment. However, they are dependent on tumor type and the ability to obtain tumor specimens. Herein, we use FACS analysis to separate CA-IX and NDRG1 expressing from non-expressing cells, thereby determining whether cells were grown under hypoxic conditions.
Materials and methods
Cell and culture conditions and hypoxia treatment. Earlypassage U373, U251 and U87-MG human malignant glioblastoma cell lines from the American Type Culture Collection (ATCC, Rockville, MD, USA) and GaMG, a cell line established from a patient with glioblastoma multiforme (Gade Institut of the University of Bergen, Norway) (26), were grown on glass petri dishes in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum (FBS), non-essential amino acids, penicillin (100 IU/ml)/ streptomycin (100 μg/ml) and 2 mM L-glutamine. Cells were exposed to 0.1% O 2 for 1, 6 or 24 h in a Ruskinn Invivo 2 hypoxic workstation (Cincinnati, OH, USA) as previously described (27) for in vitro hypoxia. For the reoxygenation experiments, dishes were returned to the incubator following 24 h hypoxia treatment.
Preparation of cell lysates and immunoblotting. Tumor cell lysates were prepared with 0.1 ml RIPA buffer (1X TBS, 1% Nonidet P-40 (Amresco, Vienna, Austria), 0.5% sodium deoxycholate, 0.1% SDS, protease inhibitors pepstatin A (1.4 μM), aprotinin (0.15 μM), leupeptin (2.3 μM) and 100 μM PMSF (all from Sigma, St. Louis, MO, USA). To inhibit protein dephosphorylation, phosphatase inhibitor mix (Sigma) was added. Using a syringe fitted with a 21-gauge needle to shear DNA, the lysates were transferred to a prechilled microcentrifuge tube, followed by 30 min incubation on ice. The cell lysate clearance was by centrifugation at 15,000 x g for 12 min at 4˚C. Whole-cell lysates (20 μg) were separated on 8% polyacrylamide SDS gel. Electrophoresis was then transferred to a 0.45 μm nitrocellulose membrane (Protran BA 85, Schleicher & Schuell, Dassel, Germany). Non-specific binding was blocked by 5% non-fat milk powder in TBS overnight at 4˚C followed by incubation with the NDRG1 primary antibody (ab8448, Abcam, Cambridge, UK), diluted 1:1000 in 2.5% non-fat milk powder in TBS for 1 h at room temperature. Blots were washed twice in TBS/0.05% Tween-20 (Bio-Rad, Munich, Germany) and subsequently three times in TBS for 5-10 min, each. The secondary antibody goat anti-rabbit-HRP (stock solution: 400 μg/ml, DakoCytomation, Denmark) was incubated at a dilution of 1:2000 for one additional hour at room temperature followed by five washing steps as described above. Detection of the bound antibodies was accomplished by membrane development with ECL plus a Western blotting detection system (Amersham Biosciences, Cambridge, UK) for 5 min with subsequent development of the Hyperfilm ECL (Amersham) used for detection purposes.
Preparation of the nuclear extracts. Cells/ml (5x10 7 ) were scratched from petri dishes by adding 10 ml phosphate buffered saline (PBS) to the cellular film according to previous protocols (28) with minor modifications. A cell line pellet was obtained by centrifugation (Beckman CS-6R) for 4 min at 800 rpm. After two washing steps with PBS, cells were resuspended in 1 ml PBS, transferred into a 1.5 ml tube and centrifuged at 4˚C for 45 sec at 14,000 rpm. The cell pellet was re-suspended in 400 μl ice-cold buffer A [10 mM Hepes pH 7.9, 10 mM KCl, 0.1 mM EDTA, 0.1 mM EGTA, 1 mM PMSF, 10 μl complete protease inhibitor cocktail (Roche) and 1 mM DTT] and incubated on ice for 15 min. The cells were lysed by adding 25 μl of 10% NP-40 and homogenized with 10 strokes in a Dounce homogenizer at 4˚C followed by centrifugation for 1 min at 14,000 rpm for nuclei sedimentation. Supernatants were carefully removed and regarded as cytoplasmic fractions. Nuclear proteins were extracted by adding 50 μl of buffer C [20 mM Hepes, pH 7.9, 0.4 M NaCl, 1 mM EDTA, 1 mM EGTA, 1 mM PMSF and 0.1 μl protease inhibitor cocktail (Roche)] and extensively shaking the tubes for 20 min at 4˚C in a tube shaker followed by centrifugation at 14,000 rpm and 4˚C for 5 min. The supernatant was removed and stored in aliquots at -80˚C. All steps were performed on ice.
HIF-1α binding assay. HIF-1α transcriptional activation was detected by utilizing the ELISA-based TransBinding kit (TransBinding HIF assay kit, EK1020-PA, Biocat, Heidelberg, Germany) according to the manufacturer's instructions. The glioblastoma cell lines U373, U251, U87-MG and GaMG were cultured under various aeration periods of extreme hypoxia exposure (0.1% O 2 ), and under oxygenized conditions. Nuclear extracts (20 μg) were obtained from the cells. The binding capacity to the hypoxia responsive element (HRE) was analysed for each situation in triplicate per experimental set.
Determination of NDRG1 and CA-IX expression via FACS
analysis. NDRG1 and CA-IX expression was determined by flow cytofluorometry employing the FACSCalibur™ flow cytofluorometer (Becton-Dickinson, Heidelberg, Germany, low-power argon laser excitation at 488 nm) and CellQuest Pro™ software as cell-associated fluorescence. For each analysis, ~10.000 gated events were collected.
The experimental basis was previously described (29-33) and was successfully applied after modification. U251, U373, U87-MG and GaMG cells were kept under aerobic as well as hypoxic (0.1% O 2 ) conditions for 1, 6 and 24 h. Reoxygenation after 24 h of hypoxia was for 24 h.
Densitometric evaluation of Western blots and the statistical analysis of measurements.
Protein expression signal strengths on Western blots were determined with 1D Kodak Image analysis software. The signals were measured in Kodak light units (KLU) and divided by the corresponding signals of the loading controls ß-tubulin and ß-actin, as previously described (27, (30) (31) (32) (33) . The relative changes in protein expression resulting from submission to hypoxic conditions, or hypoxic conditions with subsequent reoxygenation were analysed in relation to the 24 h normoxic value. Three to four individual experiments were always performed. The Mann-Whitney U test for independent samples was used to analyse these data. The Student's t-test for unpaired samples was used to analyse overall cell numbers. In the two tests p≤0.05 was considered to be statistically significant. All tests were carried out using the statistical package SPSS, release 12.0.1 for Windows (SPSS Inc., Chicago, IL, USA).
Results

Determination of CA-IX and NDRG1 in human glioblastoma
in vitro by FACScan analysis. The basic FACScan protocol has been modified by testing different modes of single-cell suspension preparation, different concentrations of primary antibody and different secondary antibodies at various concentrations. The protocol described herein resulted in the largest spectrum between CA-IX-and NDRG1-negative and -positive cell populations, respectively, and the lowest non-specific staining during flow cytometry.
For CA-IX the FITC fluorescence differed between positive and negative cells by a factor of 60-160 in U373, U87-MG, U251 and GaMG, respectively (Fig. 1) . The FITCanti-NDRG1 fluorescence differed between positive and negative cells by a factor of 35-70 in U373, U87-MG, U251 and GaMG, respectively (Fig. 2) . In our laboratory, the use of non-enzymatic preparation of cell suspensions was important for high-FITC fluorescence in the two cases.
Intracellular CA-IX protein levels in response to extreme in vitro hypoxia.
A clear effect of the O 2 concentration on CA-IX expression was visible in GaMG and U251 cell lines by Western blotting (Fig. 3) . U373 showed a less differentiated pattern and even severe hypoxia (0.1% O 2 ) did not produce a detectable increase of CA-IX protein in U87-MG cells (Fig. 3) .
NDRG1 protein expression in response to extreme in vitro hypoxia. NDRG1 expression was detectable in U373, U251
and GaMG cells, concomitant with a decrease of the O 2 concentration in the tumor environment (Fig. 4) . The lowest expression rate was visible in GaMG. NDRG1 expression was stable over 48 h of reoxygenation after 24 h of hypoxia. During reoxygenation NDRG1 was relatively stable in the 4 tumor cell lines with the lowest expression in GaMG. Under extreme hypoxic conditions, a high expression rate of NDRG1 was displayed, with a comparatively high expression rate during reoxygenation. GaMG and U373 cells increased the NDRG1 expression after 24 h at 0.1% O 2 , as shown in the Western blots (Fig. 4 ) with a weak stability over 48 h of reoxygenation after 24 h of hypoxia. In GaMG the mean fluorescence intensity of NDRG1-negative and -positive cells differed by a factor of ~70. In U251, this factor was ~60 followed by 35 and 60 for U87-MG and U373, respectively. We assume that some hypoxic cells remained CA-IX negative.
Examination of HIF-1α protein binding to the HRE element from human glioblastoma in response to
respectively, after 24 h hypoxia was observed (Fig. 5) . The strongest binding capacity was in U87-MG, followed by GaMG and U373. The weakest HRE binding occurred in U251 cells, reflecting the lowest level of activated nuclear HIF-1α in this cell line under the conditions examined. Nuclear extracts from glioblastoma cells treated with 100 μM DFO and 50 μM CoCl 2 served as positive controls.
HIF-1α protein expression in response to extreme in vitro hypoxia. Severe hypoxia conditions (0.1% O 2 ) resulted in an early increase of HIF-1α protein expression after 1 h, which was most prominent in U251 and GaMG cells but absent in U87-MG (Fig. 6 ) due to a high normoxic expression. HIF-1α protein expression decreased but did not disappear during 24 h of reoxygenation in U251, U373 and GaMG, but it nearly disappeared after 48 h of reoxygenation in these cells (Fig. 6) .
Discussion
Low oxygen tension appears to be a clinically relevant feature of the tumor microenvironment (29) . Tumor hypoxia is present in malignant glioma and may represent an independent prognostic factor and an important mechanism for resistance to treatments such as radio-or chemotherapy (31, (34) (35) (36) .
It has been shown that human glioblastoma tissue display resistance to radiation due to an increased activation of the DNA damage checkpoint (37) .
Hypoxia-tolerant human glioma cells reduce their oxygen consumption rate in response to oxygen deficit, a defense mechanism that contributes to survival under moderate hypoxic conditions (38) . Overcoming the metabolic restrictions of hypoxia may allow for the progression of lower-grade tumors to glioblastoma multiforme (39) . 
A B
A physiological MRI approach was considered to completely characterise biopsy-confirmed glioblastoma multiforme (GBM) (40) . Tumor hypoxia predicts the likelihood of metastases, tumor recurrence and resistance to chemotherapy and radiation therapy, invasive potential and a decreased patient survival for many human malignancies.
CA-IX and NDRG1 are HIF-1α-regulated genes, which differ in their expression pattern in human glioblastoma. CA-IX expression remains relatively stable when the tumor microenvironment is shifted from a hypoxic status to a normoxic one. We show that 48 h of reoxygenation following 24 h of extreme hypoxia has only a marginal influence on CA-IX expression. In contrast, NDRG1 expression was not stable to the same degree upon reoxygenation. A combination of hypoxia markers, as is the combination of CA-IX and NDRG1 in our case, offer the opportunity to measure changes in tumor oxygenation. Such alterations may be relevant to predicting the response of the tumor to radioactive, chemotherapeutic or combinations of such treatment approaches. The half-life of CA-IX was sufficiently long that, once formed, it remained for days even in the absence of continued HIF-1α expression. HIF-1α and its regulated genes are induced upon a 'hypoxic shift' of the tumor microenvironment and their expression is usually decreased again upon reoxygenation. However, certain proteins such as CA-IX still showed a substantial expression rate (41) (42) (43) (44) (45) (46) (47) (48) .
These results have implications for the use of HIF-1α and its regulated genes as indicators for tumor hypoxia and aggressiveness as well as for the development of hypoxiadirected anti-tumor therapies based on the expression of these proteins.
By using flow cytometry we were able to accurately discriminate NDRG1-and CA-IX-negative and -positive cells in vitro. The measured percentages of positive cells closely reflected the hypoxic status of the cells. The combined expression analysis of NDRG1 and CA-IX by FACS analysis represents a reliable potential tool for brain tumor cancer diagnosis and can be applied to sort chronically hypoxic cells from glioblastoma tumors. Further extensive screening and expression regulation analysis of other hypoxiaregulated genes in different tumors is required in order to discover more HIF-1α-regulated genes that may be considered as hypoxia markers and used for the definition of human tumor tissue state. Further analysis is necessary to examine whether the expression of these genes appears in a similar pattern in tumor tissues of other human organs in vivo and in cell cultures or animal models of the disease. 
although chromosomal aberrations such as PTEN, MDM2 and p53 mutation are commonly found in glioblastoma.
The prognosis for patients with GBM is very low, even with complete surgical tumor resection in combination with radio-and chemotherapeutic means. The five-year survival rate is <3%. Tumor recurrence after surgery and radiotherapy is almost inevitable. Tumors usually reappear within 2 cm of the original site, and 10% of patients develop new lesions at distant sites. Reoperation and/or brachytherapy have been attempted, with uncertain results. The most aggressive therapy, a second surgery together with chemotherapy, is applied in the patient age group of <40 years.
HIF-1α-regulated CA-IX and NDRG1 overexpression is induced concomitantly with the development of an hypoxic environment within the tumor. While CA-IX is more chronically expressed, NDRG1 is expressed due to acute hypoxic events within the tumor environment. We showed that the FACS analysis of CA-IX combined with NDRG1 expression give a clear hint about the hypoxic condition of GBM tumor cells. Therefore, our results may extend the analytic identification procedures and time-limited therapeutic options. Therapeutic strategies for the treatment of human astrocytic tumors should consider CA-IX as well as NDRG1 as target molecules for a valid approach in conjunction with tumor hypoxia in the human brain.
